The SGA reporter efficiently converts diploids to MATa haploids following sporulation and selection (Tong et
formly during genetic manipulation because Ͻ1% (54 of 5896) of the YKOs, including 13 preexisting petite al., 2001). We further determined that ‫%9.99ف‬ of the freshly converted cells behave as true haploid MATa strains, disappeared from the pool following transformation, and Ͼ93% of the mutants exhibited Ͻ20% variacells (Supplemental Figure S1) . We thus constructed a pool of 5896 strains from the existing heterozygote YKO tions of hybridization intensity before and after transformation ( Figure 2A ). The convertible heterozygote pool collection and integrated the SGA reporter into it en masse ( Figure 1A ). This YKO pool behaved quite uniis efficiently converted to haploid MATa YKOs for phe-the corresponding YKO is sensitive to benomyl. With a cutoff C/E ratio of Ն2.0, we identified ‫054ف‬ candidate benomyl-sensitive YKOs (Supplemental Table S2 ). Thirty-seven of seventy-eight previously identified mutants, most of which exhibited moderate or weak benomyl sensitivity in the previous screen, were not reidentified here, possibly due to different media used in the two screens.
As expected, our screen revealed that mutants of genes directly required for microtubule biogenesis exhibited hypersensitivity to low concentrations of benomyl. These include cin1⌬, cin2⌬, cin4⌬, gim3⌬, gim4⌬, gim5⌬, pac10⌬, pfd1⌬, tub3⌬, and yke2⌬ (Figure 3 ; Supplemental Table S2 ; and data not shown) YKOs. The pac2⌬ mutant was absent from the pool used (Supplemental Table S3 ) but was subsequently shown to be hypersensitive to benomyl. Strikingly, we found concordant phenotypes of different mutants affecting the same biological activity; such consistency was not observed in the study of the haploid YKOs. For example, Gim3, Gim4, Gim5, Pac10, Pfd1, and Yke2 constitute the GimC prefoldin complex (Siegers et al., 1999), and we found similar benomyl hypersensitivity among the corresponding haploid mutants freshly derived from the isogenic heterozygous diploid YKOs. In contrast, the existing MATa haploid YKOs of these genes exhibited different levels of sensitivity to benomyl: most were hypersensitive, but the pfd1⌬ mutant showed moderate sensitivity, and the gim4⌬ mutant showed weak sensitivity to benomyl (Parsons et al., 2004). Cin1, Cin2, Cin4, and Pac2 stabilize the tubulin heterodimers (Fleming et al., 2000) , and the cin1⌬, cin2⌬, cin4⌬, and pac2⌬ mutants were the retrograde response pathway, and most negative and ISU1; RTG1, RTG2, and RTG3. Data for this plot were derived from Supplemental Table S2. regulators of the cAMP signaling pathway (GPB1, GPB2, IRA1, IRA2, and PDE2) (Figure 3 ; Supplemental Table S2 ).
These results suggest that some existing MATa hapnotypic analysis as demonstrated by the significant unloid YKOs harbor cryptic mutations that compensate for derrepresentation of ‫%6.69ف‬ (998) of the 1032 assaybenomyl-sensitive phenotypes, or perhaps these strains able essential gene mutations in a freshly generated have been cross-contaminated by benomyl-insensitive haploid pool ( Figure 2B) . strains. Alternatively, intrinsic variations in the colony-A genome-wide screen with MATa haploid YKOs rebased high-throughput screen method itself could be cently identified 78 nonessential genes required for benresponsible. In contrast, haploid mutants derived from omyl resistance in yeast (Parsons et al., 2004) . To evaluthe heterozygous diploid YKOs behaved as expected ate the utility of our haploid-convertible heterozygote and are less likely to have accumulated compensatory pool for high-throughput genetic screens, we exposed mutations. The TAG-array analysis is fast and immune a freshly converted haploid YKO pool to various concento strain cross-contamination, which can in principle trations of benomyl (experimental pool). Representation hamper individual colony assays. Thus, our TAG-array of each YKO was compared to a control pool generated analysis of the haploid-convertible heterozygous diploid in the absence of benomyl using TAG array analysis YKOs is well suited for studying genome-wide YKOs' ( Figure 3A) . A high control/experimental hybridization signal ratio (referred to as the C/E ratio) indicates that response to chemicals and other physiological stresses. Table S4 ). In contrast, the cin8⌬ our understanding of genetic complexity and gene funcmutant itself has a low C/E ratio (Supplemental Table  tions Table S3 ); rts1⌬ and Ͼ500 bp, further limiting its usefulness (Ooi et al., 2003) . mrpl36⌬ had low hybridization intensities and no data Heterozygotes are highly amenable to populationwere available (Supplemental Table S5 ). Eight others based manipulation (Figure 2 ), and moreover, integrative had signal hybridization C/E ratios Ն1.5 in two or more transformation accuracy of 97.5%-99.5% was observed screens, and we subsequently confirmed a synthetic at four loci (Supplemental Figure S2 ). Approximately 10-fitness defect with cin8⌬ by tetrad dissection on YPD fold higher transformation efficiencies were obtained in (Supplemental Table S5 ). These results indicate that, by the heterozygote pool with 12 different YKO cassettes taking a Ն2.0 cutoff C/E ratio in all three experiments, (Supplemental Figure S3 ). These transformation yields some other potential cin8⌬ synthetic interactors might were achieved using a URA3 version of the preexisting have been missed. As discussed below, there is always YKO cassettes (Supplemental Figure S3) , facilitating rea tradeoff between false positive rate and false negative engineering of query constructs (haploid SLAM requires rate in a dSLAM screen in this "gray zone." special cassettes deleting Ͻ500 bp) (Ooi et al., 2003) .
For each of the 193 YKOs with a C/E ratio Ն2.0 in all Such practical factors become highly significant when three cin8⌬ synthetic lethality screens, a mean C/E ratio contemplating a comprehensive 5000 ϫ 5000 genetic was obtained for the three experiments. False positive interaction map. and false negative rates corresponding to different cut-A heterozygote diploid-based synthetic lethality analoff mean C/E ratios were then determined. For mutants ysis with microarray (dSLAM) protocol was developed with a mean C/E ratio Ն6.0, 40 of 41 potential cin8⌬ and used to query genome-wide gene-gene interacinteractions were confirmed as correct, producing 2.3% tions. A yfg1⌬::URA3 query construct containing 1.5 kb false positives ( Figure 4B ; Supplemental Table S5 ). How-YFG1 (YFG1 stands for your favorite gene 1) flanking ever, such a high stringency produces 69.7% false negasequences is transformed into the heterozygote pool.
tives ( screens achieved better data reproducibility than the We performed three independent cin8⌬ synthetic le-SGA screens. With a Ն2.0 cutoff C/E ratio, any single thality screen experiments with our dSLAM protocol. run of dSLAM uncovered at least 87.9% of the cin8⌬ Unsurprisingly, uracil auxotrophs had high C/E ratios in synthetic interactions ( Figure 4D ). In contrast, among such screens because they cannot grow on the haploid the 59 cin8⌬ synthetic interactions identified by SGA, double mutant selection medium (Supplemental Table  only 
cin8⌬ synthetic interactions were definitely uncovered
These data indicate lower false negative rates and better data reproducibility for dSLAM than SGA. by a single SGA screen ( Figure 4D ). This difference in false negative rates and data reprodSLAM failed to identify 31 previously identified bim1⌬ interactions (Supplemental Table S6 ). We randucibility between dSLAM and SGA was also observed in bim1⌬ synthetic lethality screens. Two independent domly selected 15 of those 31 mutations for testing and did not observe detectable bim1⌬ synthetic interaction dSLAM experiments were performed. By taking a Ն1.5 cutoff C/E ratio in both experiments, we uncovered 159 with nbp2⌬ or inp52⌬ with either random spore analysis on the haploid selection magic medium or by tetrad bim1⌬ synthetic interactions that were individually confirmed by tetrad dissection on YPD or random spore analysis on YPD (Supplemental Table S6 ). We did see various degrees of synthetic fitness defects between analysis on synthetic medium (Supplemental Table S6 ). In comparison, SGA screens identified 102 bim1⌬ interbim1⌬ and the other 13 mutations tested by tetrad analysis on YPD. Surprisingly, these defects were hardly deactions (Tong et al., 2004) . The dSLAM and SGA bim1⌬ screens share 71 common interactions and bring the tectable in random spore analysis on haploid selection medium (Supplemental Table S6 ), suggesting that some total number of bim1⌬ interactions to 190 ( Figure 4A ). dSLAM has a false negative rate of 16.3% (31 of 190), synthetic interactions are YPD specific and not obvious on the synthetic haploid selection medium. whereas SGA has a false negative rate of 46.3% (88 of 190) ( Figure 4C ). We believe that the relatively high false
We have also performed three independent sgs1⌬ synthetic lethality screens with dSLAM and identified negative rates of the SGA bim1⌬ screen are partly due to genetic impurity of the haploid MATa YKO library 60 synthetic lethal or fitness sgs1⌬ interactions (Supplemental Table S7 ). All these interactions were individually used. In the early stages of the development of the dSLAM method, we confirmed 93 of the top 151 bim1⌬
confirmed by random spore analysis on magic medium. In comparison, the SGA screen identified 25 and haploid interactions on the hit list by using an individual MATa YKO library strain. In addition to these 93 interactions, SLAM identified 13 sgs1⌬ synthetic interactions ( tatively ranked hit lists, low false negative rates, and excellent data reproducibility, we believe dSLAM is the most robust technique for analyzing genome-wide synthetic lethality in yeast.
Suppression of Essential Gene Mutations
The heterozygous diploid YKO pool contains essential gene YKOs and offers an opportunity to examine suppression of lethality in parallel with a synthetic lethality screen. Instead of seeking for synthetic fitness mutations underrepresented in the double YKO pool (a high C/E ratio), growth defects of certain mutations suppressed by a second mutation could be sought (revealed by a low C/E ratio) ( Figure 6A Figure 6B ), indicating the usefulness of this approach to study the suppression of lethality caused by essential gene knockout. In fact, their C/E ratios were the lowest ones on the list. When other potential mutants were individually tested, we identified a fourth YKO, erd2⌬, which is not lethal but has low efficiency of plating; this plating efficiency defect is partially suppressed by the sml1⌬ YKO (data not shown).
Synthetic Interaction Screen with a Conditional Allele of an Essential Gene
Essential genes function in critical biological processes; their relationship to other genes is very important for a complete understanding of the wiring diagram of life. As outlined above, it is possible to find bypass suppressors of knockout mutations in essential genes. However, this represents a very limited subset of essential gene ployed in this protocol. However, no significant change in the composition of the population of YKOs was observed after the second transformation because plasmid transformation was very efficient and Ͼ5 ϫ 10 6 Ura ϩ transformants were obtained for each transformation. Control (single and double YKO; CDC102 xxx⌬::kanMX and cdc102⌬::natMX xxx⌬::kanMX) and experimental (double YKO; cdc102⌬::natMX xxx⌬::kanMX) haploid YKO pools were generated for microarray analysis after sporulation and selection at semipermissive temperatures for cdc102-1 (Figure 5A) .
We identified ‫08ف‬ potential cdc102-1 synthetic interactions, and most were more prominent at 30ЊC than at 28ЊC, consistent with reduced cdc102-1 activity at higher temperatures ( Figure 5B ; Supplemental Table  S8 
Dosage Synthetic Interaction or Suppression
Dosage synthetic interaction is a phenomenon in which overexpression of a gene enhances the phenotypes of a mutation in another gene, whereas dosage suppression means phenotypic compensation for that mutation. Here we describe a combined systematic dosage synthetic interaction and suppression screen with overexpression of the LCD1 gene using the convertible heterozygote pool. 
TUB1 is an essential gene encoding ␣-tubulin, which
One potential advantage of microarray-based functional profiling analysis is data quantitation, which has together with ␤-tubulin (encoded by TUB2) forms the major constituent of microtubule (Water and Kleinsmith, to some extent been hampered by low hybridization signal intensity for a subset of TAGs, the biggest techni-1976). A SHI interaction has been reported between mutations in TUB1 and TUB3, a nonessential ␣-tubulin cal weakness of the method. A good example is our benomyl-sensitivity screen, where all mutants of the pregene functionally identical to TUB1 (Stearns and Botstein, 1988). In addition to the tub3⌬ mutation, we found foldin complex exhibited similar sensitivity to 5 g/ml of benomyl in individual tests, but the hybridization C/E a new SHI interaction between tub1⌬ and rbl2⌬ ( Figure  5C ), a mutation affecting ␤-tubulin folding. Free ␤-tuburatios in the screen are somewhat different from one another ( Figure 3B ). This was because some of the TAGs lin molecules not in heterodimers with ␣-tubulin disrupt microtubule assembly and are toxic to yeast cells. Rbl2 had low hybridization signal intensity, and these TAGs normally gave rise to low C/E ratios. This low hybridizabinds to free ␤-tubulin and helps converting it into an aggregated nontoxic form (Abruzzi et al., 2002) fuge tube during the entire procedure, simplifying scaleup to the whole yeast genome, and decreasing the posTherefore, the SHI screen is a simple method allowing detection of essential genetic interactions using only sibility of cross contamination between samples and variations within an experiment. Thus, it should be possi-YKO mutations. Practically, the synthetic haplo-insufficiency screen could be an economical approach to idenble to map ‫0006ف‬ ϫ ‫0006ف‬ genetic interactions of any kind in yeast using these techniques. In particular, tify essential gene interactions. The heterozygote diploid double YKO pool generated during a synthetic lethality ‫0006ف‬ synthetic lethality screens ensure that each pair of interaction is screened bidirectionally with each gene screen can be directly analyzed without sporulation for synthetic haplo-insufficiency.
in an interacting pair serving as query and target, further reducing false positive and negative rates. A comprehensive yeast genetic interaction map will guide further Discussion detailed dissection of the molecular network within a living yeast cell and other organisms. Here we described a pool of a nearly complete set of haploid-convertible heterozygous diploid yeast YKOs Table S9 ).
nome-wide synthetic interactions in response to chemiPlasmids used in the dosage synthetic lethality and suppression studies include YCplac33 (URA3, CEN) , and pXP465 (GAL1pr-LCD1 cals or other physiological stresses. YKOs from the same sporulated cultures (control pools).
In the synthetic interaction screen with cdc102-1 as the query mutation, the plasmid-harboring heterozygous double deletion muYeast YKO Pool Construction tant pool was sporulated and germinated on haploid selection meEach of a collection of 5996 MATa/␣ heterozygous diploid YKOs dium lacking uracil (MMϪUra) to select for a pool that contains both (Research Genetics) was tested for His ϩ phenotype and mating type.
single and double haploid YKOs as the control. 50 g/ml of CloNat 87 either contained the wild-type HIS3 gene when constructed or (Nourseothricin) was added to this haploid selection medium behaved like haploid strains in a mating type test and were excluded (MMϪUraϩNat) to select only for the double YKOs (experimental from the pool. The strains on plates 280 and 281 (Research Genetics) pool). In these double YKOs, the plasmid alleles of CDC102 provide were also omitted for experimental convenience because most of viability because the chromosomal copy of the gene was disrupted these were mating proficient. 23 of the omitted strains are essential by the natMX Nourseothricin-resistant cassette. Selection for both gene YKOs (Supplemental Table S3 ). The remaining 5896 heterozythe control and experimental pools at semipermissive temperatures gous diploid YKO strains were used to construct an original pool (28ЊC and 30ЊC) allowed screening for synthetic interactions with as previously described (Ooi et al., 2001 ). 10 g pXP346 plasmid the cdc102-1 allele. that contains the CAN1L-LEU2-MFA1pr-HIS3-CAN1R cassette was
In dosage synthetic lethality and suppression experiments, haptransformed en masse after double digestion with SpeI and PstI loid pools harboring plasmids YCplac33 (vector; CEN4, URA3) and into this pool. A total of about 1.2 ϫ 10 6 Leu ϩ transformants were Ycplac33-GAL1pr-LCD1 (pXP465) were selected on MM with 2% combined to make the haploid-convertible pool. 1 or 2 ml aliquots galactose as the sole carbon source and incubated at 30ЊC for 3 of this pool were frozen in 15% glycerol at 75 OD 600 /ml ( Figure 1A) . Cy5-labeled probes. Each chip was washed with washing solution was then added to the transformation reaction, mixed thoroughly, immediately before scanning with a GenePix 4000B scanner and heat-shocked at 42ЊC for 13 min. Cells were spun down at 3600 (Axon Instruments). rpm for 30 s, resuspended, and incubated in 1 ml 5 mM CaCl 2 for 5-15 min at room temperature. All cells from one transformation were spread on one 150 ϫ 25 mm petri dish containing the approMicroarray Data Analysis Tiff image files of each microarray experiment were analyzed by priate selection medium (SC-Ura for URA3 selection, SC-Leu for LEU2 selection, and YPD plus 50 g/ml of CloNat for natMX selecusing Imagene 5.1 and GeneSight 3.0 software (Biodiscovery) or Genepix 4.0. The median raw signal intensity for each hybridization tion) and incubated at 30ЊC for 2 days. Dilution of the transformation was also spread on the selection medium for calculation of transforfeature was collected for analysis. Local background was subtracted, and the signal intensity was normalized according to the mation yields. 10-20 g of transforming DNA was used for each integrative transformation and ‫5ف‬ g for each plasmid transformatotal signal intensity. A (Cy5/Cy3) C/E ratio was obtained for each feature. Only features with a background-subtracted signal intensity tion, obtaining ‫01ف‬ 6 independent transformants that are necessary to prevent stochastic loss of individual YKOs from the pool (Ooi et median Ն400 (‫-3ف‬fold over background signal intensity) were further analyzed. TAGs giving rise to systematic false positive results across al., 2001). Ura ϩ transformants from the tub1⌬::URA3 transformation were directly analyzed for synthetic haplo-insufficiency with a ura3⌬:: multiple experiments were discarded from further analysis. Hybridization C/E ratios between the UP-and DOWNTAG for each YKO URA3 transformation as the control.
with intensity values Ն400 were averaged. For mutations with hybridization intensity Ն400 from only one of two TAGs, the C/E ratio Regeneration of a Haploid YKO Pool of that TAG was used without averaging. 25 OD 600 of each heterozygous diploid YKO pool was inoculated in 50 ml fresh YPD liquid and shaken at 30ЊC for 3 hr. Cells were harvested, washed in 25 ml of sterile water, and inoculated in 50
Individual Confirmation of the Gene-Gene Interactions The cin8⌬::URA3, bim1⌬::URA3, sgs1⌬::URA3, or sml1⌬::URA3 ml of liquid sporulation medium (1% of potassium acetate, 0.005% zinc acetate). Sporulation was performed by shaking that culture at query construct was transformed into individual heterozygous diploid YKOs pretransformed with the SGA reporter. Two independent 30ЊC for 5 days. 2-4 OD 600 of sporulated culture was evenly spread on one 150 ϫ 25 mm petri dish containing the appropriate haploid Ura ϩ transformants from each transformation were sporulated and analyzed by random spore analysis (Ooi et al., 2003) , or at least selection medium and incubated at 30ЊC for 2 days.
The basic synthetic haploid selection magic medium (MM, one of them was analyzed by tetrad analysis for synthetic interaction between the query and target mutations. For confirmation of the dosSCϪLeuϪHisϪArgϩCanavanineϩG418) was used to select for haploid MATa YKOs from sporulated cultures of heterozygous diploid age synthetic interaction caused by LCD1 overexpression, a control plasmid (YCplac33) and pXP465 (GAL1pr-LCD1) were transformed pools by exploiting the SGA reporter and modified for some of the other experiments as indicated below. One liter of this medium into individual heterozygous diploid YKOs containing the SGA reporter. Two independent Ura ϩ transformants were sporulated and contains dextrose or galactose (20 g), Difco yeast nitrogen base without amino acids and ammonium sulfate (1.7 g), SCϪLeuϪHisϪArg spotted at 10ϫ serial dilutions on haploid selection medium with 2% galactose as the sole carbon source. Growth of each LCD1-dropout mix (2 g), sodium glutamate (1 g), G418 (200 mg), and L-Canavanine (60 mg). Benomyl was added to this medium as indioverexpressing strain was compared to the isogenic strain carrying the control plasmid. To confirm the synthetic haplo-insufficiency cated to select for haploid pools in the benomyl-sensitive experiments.
For synthetic interaction analysis with cin8⌬::URA3, bim1⌬::URA3, interactions with TUB1/tub1⌬, individual heterozygous diploid YKOs
